Abstract: The function and localization of proteins and peptides containing C-terminal "CaaX" (Cys-aliphatic-aliphatic-anything) sequence motifs are modulated by post-translational attachment of isoprenyl groups to the cysteine sulfhydryl, followed by proteolytic cleavage of the aaX amino acids. The zinc metalloprotease ZMPSTE24 is one of two enzymes known to catalyze this cleavage. The only identified target of mammalian ZMPSTE24 is prelamin A, the precursor to the nuclear scaffold protein lamin A. ZMPSTE24 also cleaves prelamin A at a second site 15 residues upstream from the CaaX site. Mutations in ZMPSTE24 result in premature-aging diseases and inhibition of ZMPSTE24 activity has been reported to be an off-target effect of HIV protease inhibitors. We report here the expression (in yeast), purification, and crystallization of human ZMPSTE24 allowing determination of the structure to 2.0 Å resolution. Compared to previous lower resolution structures, the enhanced resolution provides: (1) a detailed view of the active site of ZMPSTE24, including water coordinating the catalytic zinc; (2) enhanced visualization of fenestrations providing access from the exterior to the interior cavity of the protein; (3) a view of the C-terminus extending away from the main body of the protein; (4) localization of ordered lipid and detergent molecules at Abbreviations: APS, advanced photon source; CaaX, cys-aliphatic-aliphatic-anything; C 12 E 7 , heptaethyleneglycol mono n-dodecyl ether; C 8 E 4 , (hydroxyethyloxy)tri(ethyloxy)octane); C 10 E 5 , pentaethylene glycol monodecyl ether; DDM, n-dodecyl-b-maltoside; HGPS, Hutchinson-Gilford Progeria Syndrome; ICMT, isoprenylcysteine carboxylmethyltransferase; PMSF, phenylmethylsulfonyl fluoride Additional Supporting Information may be found in the online version of this article.
Introduction
Modification of proteins by isoprenoid groups is important in diverse biological processes. Attachment of either a farnesyl (C15) or geranylgeranyl (C20) group, both cholesterol biosynthetic intermediates, to protein cysteine side chains leads to targeting of modified proteins to membranes, but also affects additional protein functions, including protein-protein interactions involved in cell signaling. The most common class of prenylated proteins is comprised of those containing "CaaX" (Cys, aliphatic, aliphatic, anything) sequences at their extreme C-termini, where the prenyl group is attached via a thioether linkage to the cysteine residue of the CaaX motif. The 20 proteins in mammalian cells that are known to be prenylated at CaaX sequences 1, 2 include the nuclear scaffold precursor prelamin A, small G proteins (including the products of Ras oncogenes), subunits of heterotrimeric G proteins, and the heat shock protein Hsp40. Based on the importance of Ras prenylation for signaling function, protein processing steps associated with the prenyl modification have been the target of a significant drug development effort for cancer therapy.
Attachment of prenyl groups to proteins, catalyzed by either farnesyl transferase or geranylgeranyl transferase, is generally accompanied by at least two additional protein processing steps: proteolytic removal of the aaX sequence and carboxylmethylation of the newly formed C-terminus (Fig. 1) . Carboxylmethylation is carried out by the enzyme ICMT (isoprenylcysteine carboxylmethyltransferase). The proteolytic step is catalyzed by either of two unrelated enzymes, Ste24 and Rce1 (Ras converting enzyme). Rce1 is responsible for processing of ras and the Ga subunit of heterotrimeric G proteins. Human ZMPSTE24 has, to date, only one known substrate, the precursor form of the nuclear scaffold protein lamin A. Maturation of prelamin A requires sequential cleavage by ZMPSTE24 at two sites: one of them at the cysteine of the CaaX sequence and the other 15 amino acids upstream from the first (see Fig. 1 ).
Loss of function of human ZMPSTE24 or mutation of the upstream ZMPSTE24 cleavage site in prelamin A results in progeria, premature aging. 3 Complete loss of ZMPSTE24 activity leads to the autosomal recessive disease restrictive dermopathy, which results in death in utero or shortly after birth, with tight skin and abnormal joints, a phenotype that is recapitulated in mouse knockout models. 4 A more mild disorder, mandibuloacral dysplasia (Type B) is caused by partial loss of ZMPSTE24 function that results in lipodystrophy (loss of subcutaneous fat) and skeletal abnormalities. 5 A severe progeria,
Hutchinson-Gilford Progeria Syndrome (HGPS), results from a mutation that introduces an RNA splicing site in prelamin A that leads to deletion of 50 amino acids, including the upstream site of cleavage by ZMPSTE24. 6 The pathologies associated with these conditions appear to result primarily from accumulation of partially processed prenylated prelamin A retaining the farnesylated C-terminus (progerin), since the pathology can be partially ameliorated by decreasing prelamin A expression in a mouse model 7 and by farnesyl transferase inhibitors in humans 8 and mice. 9 In addition, several studies have reported increased abundances of partially processed prelamin A as a correlate of normal aging. [10] [11] [12] It has also been proposed that ZMPSTE24 is responsible for off-target effects of some (but not all) HIV protease inhibitors, since it is inhibited by these compounds in vitro, 13, 14 since increased levels of partially processed prelamin A are found in cells treated with protease inhibitors, 15 and since lipodystrophy is seen both in patients undergoing long term anti-retroviral therapies and in patients with genetic lamin processing defects. 16 The structures of Ste24 proteins from humans and yeast have been determined to moderate resolution (anisotropically to 3.4 Å and to 3.1 Å , respectively). 17, 18 The structures of the enzymes from the two organisms are quite similar, consisting of seven transmembrane segments and a cytoplasmic cap enclosing a very large internal cavity containing a zinc atom with surrounding residues in a configuration nearly identical to that of the active site of thermolysin. This unusual structure raises many questions relevant to understanding Ste24 function, including the mode of entrance and egress of substrates into and out of the cavity, the mechanism by which an enzyme with only one active site catalyzes proteolytic cleavage at two distinct sites in a single substrate, the interplay between proteolysis and carboxylmethylation of prenylated substrates (since the carboxylmethyl transferase appears to be capable of acting at a stage between the two proteolytic events catalyzed by Ste24 19 ) , and the mechanism of inhibition of proteolysis by HIV protease inhibitors designed to act on an aspartyl protease that is quite distinct from Ste24. We report here the purification of human ZMPSTE24 from a yeast expression system and the use of the yeast-expressed protein to achieve improved resolution of the enzyme's structure and to test the effects of HIV protease inhibitors directly on the purified enzyme.
Results

Purification and crystal structure of yeastexpressed human ZMPSTE24
A synthetic ZMPSTE24 gene that was codon optimized for yeast expression (Supporting Information  Fig. S1 ) was transformed into yeast under control of the ADH2 promoter as a C-terminal fusion to a cleavable ZZ-His10 tag as described previously. 20 The resulting human protein could be expressed to levels allowing purification of multiple mg of protein from a 9 liter fermenter culture. ZMPSTE24 could be readily solubilized from yeast membranes using dodecylmaltoside (DDM) and then purified by affinity chromatography accompanied by exchange into the polyoxyethylene detergent C 12 E 7 following protocols originally established for yeast Ste24p. 17, 20 As shown in Figure 2 , the preparation of purified protein after size exclusion chromatography contains a minor band that migrates slightly slower on SDS gels than the major species. This could be the result of myristoylation at the N-terminal Met-Gly sequence, which can serve as an acceptor for myristoylation. (The presence of glycine in the second position is preserved in many, but not all, mammals.) Small crystalline rods of ZMPSTE24 measuring approximately 10-20 lm in the smallest dimensions were obtained in the presence of 150 lM lopinavir. Some of these diffracted anisotropically to 1.8 Å resolution (based on a CC 1/2 cut-off of 0.3) using the microbeam capability of the beamline 23-ID_C of the APS. The program Blend 21 was used to combine four of the highest resolution datasets (two of which were derived from the same crystal) to yield the merged dataset extending to an overall resolution of approximately 2.0 Å as described in Table I . The structure was solved by molecular replacement based on the previously-determined lower resolution structure (PDB: 4AW6). 18 Following initial processing in the space group P1 with two molecules per asymmetric unit, no significant differences were detected between symmetry-related monomers. Subsequent processing was performed in space group C2, with one molecule per asymmetric unit. The structure was refined to an R work /R free of 22%/25% but could not be refined further, despite the relatively high resolution of the merged datasets. This could reflect the inherent disorder or flexibility of the this transmembrane protein, as little or no density was observed for portions of the map corresponding to the extreme N-terminal residues of ZMPSTE24 and two internal sections of sequence, precluding modeling of these segments of the protein.
The overall fold and identified secondary structural elements of the high resolution ZMPSTE24 structure are congruent with the previouslydetermined structures of the yeast and human enzymes (Fig. 3) , however, transmembrane helices I, III, and VI contain one extra helical turn compared with the comparable elements in the structure of the yeast protein. The enhanced resolution of the current structure allows identification of a number of densities corresponding to ordered water molecules. (A total of 165 water molecules are included in the final modeled structure). Notable among these are two waters near the catalytic zinc atom in the active site, 2.0 Å and 4.1 Å from the center of mass of the zinc, forming a line pointing toward the zinc (see Fig. 4 ). These waters, together with three liganding amino acids from the protein form an approximately tetrahedral arrangement around the zinc [see Fig. 4(A) ]. Water in the active site of ZMPSTE24 has been implicated in the catalytic mechanism based on the high degree of similarity of this site to the zinc-containing site of the wellstudied protease thermolysin. 17, 18 As shown in Fig- ure 4(C,D), when the active sites of thermolysin (PDB code: 8TLN 22 ) and ZMPSTE24 are aligned, the closest water in the thermolysin structure is 0.8 Å from the nearer of the two waters in the ZMPSTE24 structure (and 2.2 Å from the zinc center). It has been postulated that a zinc-liganded catalytic water in thermolysin is displaced upon substrate binding by thermolysin. 23 The current results suggest that the exact geometry of the liganding water may not be critical. In fact, the positions of the water molecules closest to the zinc vary considerably among different available native thermolysin structures (see PDB codes 8TLN, 22 1LND 24 and 1KEI).
A striking feature of the ZMPSTE24 structure is the large opening between helices V and VI connecting the external surface of the bundle of transmembrane helices with the interior cavity (Fig. 5 ). This T-shaped opening extending 15 Å in one dimension and 10 Å in the perpendicular direction is larger than the fenestrations seen in the previous structures, consistent with this opening serving a route for substrate entry into and egress from the active site in the cavity. The enlargement of the opening compared to previous structures stems from a lateral pivoting of transmembrane segment V away from transmembrane segment VI and from a lack of density for portions of the loop connecting segments V and VI (see below) compared to previous structures. The orientation of the opening with respect to the active site is such that the C-terminus of prelamin A could extend inward through the opening in the proper orientation for cleavage, based on the previously reported correspondence between the active sites of Ste24 enzymes and thermolysin and on the previously determined structure of ZMPSTE24 in complex with a small substrate analog. 18 One corner of the opening contains a cylindrical density extending from inside to outside that we (17) for four datasets merged using Blend (18) . Data collection statistics for the highest-resolution shell are shown in parentheses. b Statistics calculated using the program Generate Table I of the Phenix program suite (1). c Statistics generated using the MolProbity web server (11) .
have modeled as detergent. The similarity in shape between this density and a farnesyl chain suggests that this could be the pathway by which the proteinattached prenyl group enters the cavity.
Two regions of ZMPSTE24 are missing from the electron density in the current structure (see Supporting Information Fig. S2 ): (1) N-terminal residues 1-9. Less of the N-terminus is ordered than was observed in one monomer of the previous ZMPSTE24 structure. This could be due to differences in crystal packing or, possibly, to posttranslational modification of part of the population of ZMPSTE24 monomers, as indicated by the extra species seen during purification. (2) Residues 266-274 and 293-310 in the cytoplasmic-facing Loop 5 Domain 17 between transmembrane helices V and VI. A portion of this region was also missing in the low resolution structure of the human protein. 18 The region was well-ordered in the structure of yeast Ste24p, however, the human form of the protein contains a 36-amino acid insertion in the region, compared to the yeast orthologs. Based on proximity to the large opening to the internal cavity in this region, flexibility of this cytoplasmic loop could play an important role in modulating accessibility of the cavity to substrates and products of ZMPSTE24 activities. The extra sequence in this region of the human protein, which is quite hydrophilic (containing a total of 17 positively and negatively charged residues), may be involved in recognizing the prelamin A substrate, compared to the rather simpler mating pheromone substrate in yeast. However, the fact that the human protein complements a yeast ste24 deletion indicates that the presence of the extra sequence elements does not abrogate recognition or entry into the cavity by pheromone precursor.
The C-terminal segment of the current structure is better ordered than in either of the previous Ste24 structures. Density is observed for residues extending into the 3C protease cleavage site of the appended C-terminal tag extending away from the main body of the protein in the cytoplasmic compartment. The present structure also exhibits density in the ER-facing loop region encompassing residues 108-115 of human ZMPSTE24, a region that has been missing from previous structures. Yeast Ste24p proteins contain three extra residues inserted into this region compared to the human protein. However, despite the evident density for this region in the Clark et al.
current structure, the loop appears to adopt a strained conformation, based on the difficulty of fitting the observed density to favorable backbone angles and rotamers (see Supporting Information  Fig. S3 ). The roles of residues on the ER-facing portions of ZMPSTE24 are not known, however, a human mutation (L94P) at this face severely impairs enzyme activity. 25 Several examples of extended snake-like density were observed that could not be readily fit to protein chain. (Fig. 6 ) Most of these were fit and refined as molecules of C 8 E 4 ((hydroxyethyloxy)tri(ethyloxy)octane)) or C 10 E 5 (pentaethylene glycol monodecyl ether), depending on their lengths, as ordered fragments of the C 12 E 7 detergent that is known to be bound to ZMPSTE24. (A less likely alternative, is that these are molecules of polyethylene glycol from the crystallization cocktail, since the structure of the head groups of polyoxyethylene detergents is indistinguishable from polyethylene glycol.) In one case, connected adjacent extended densities were modeled as a molecule of 1,2-diacyl-sn-glycero-3-phosphocholine. Most of these presumed lipid/detergent chains are packed against the external surface of the protein in locations that would be expected to contact lipid when the protein is in native membranes. However, strikingly, three of them appear to traverse the fenestrations linking the internal cavity to the external surface. In these positions, they could serve to plug holes in the barrier surrounding the cavity or they could represent intermediates trapped in the pathways by which farnesylated substrates transit in and out of the cavity. None of these densities are in positions into which lipid chains were modeled in the previous ZMPSTE24 structure. 18 The current structure contains several clues to the nature of the internal cavity. The cavity contains two entire lipid/detergent densities, as well as portions of densities for molecules traversing the fenestrations into the cavity. These all reside in the ERfacing half of ZMPSTE24, suggesting that this portion of the cavity is capable of accommodating small ligands with some hydrophobic character (Fig. 7) . On the other hand, modeling of water into the structure uncovered many putative ordered waters internal to the cavity, as well as numerous additional sites in the cytoplasmic and ER-facing extra-membrane regions, but few sites on the outside of the transmembrane region (Fig. 7) . As noted previously, 18 the electrostatic surfaces in the interior of the cavity of ZMPSTE24 are predominantly negatively charged. This may facilitate the interaction with zinc, which was not included in the electrostatic calculations. However, the vicinity of the CaaX sequence at extreme C-terminus of prelamin A lacks charged amino acids and thus is likely to be predominantly negatively charged, due to the C-terminal carboxyl. This makes it unlikely that the CaaX sequence would interact anywhere other than in the immediate vicinity of the zinc. In contrast, the vicinity of the upstream cleavage site contains no preexisting carboxyl and the nearest charged residues are two arginines, one located three residues to the N-terminal side of the cleavage site and the other, less likely to be relevant, located eight residues to the C-terminal of the cleavage site. If charge-charge interactions between the CaaX site and the zinc play a role in positioning this substrate, it is hard to see how similar interactions could be involved in the upstream cleavage. The highest resolution diffraction was obtained with crystals grown in the presence of the HIV protease inhibitor lopinavir. Additional crystals that were isomorphous, but did not diffract as well, were obtained in the absence of any inhibitor and in the presence of a different inhibitor, tipranovir. Following merging of multiple datasets obtained for the thin rod-like crystals obtained under each condition, Fourier difference maps comparing the different crystals with and without inhibitors were calculated. Inspection of these maps failed to reveal any densities that could be interpreted as being due to the presence or absence of the inhibitors. The most significant feature of the maps was a change in the density of the zinc binding site, perhaps representing a difference in zinc occupancy in the different samples (note that zinc was not maintained in solution during purification and crystallization.) Figure 8 . Kinetics of proteolysis by purified ZMPSTE24. Initial velocity, assayed based on cleavage of fluorogenic prenylated peptide is displayed arbitrary fluorescent units. Nonlinear least squares fitting to the data yielded an estimate of the K m of 57 6 12 mM as described in the text. Table II .
Thus, although inhibitors were present in crystallization cocktails at concentrations well above the K i values for the inhibition of proteolysis (see below), they do not appear to be bound in any well-ordered configuration in the crystals. This could mean that the observed inhibition is the result of multiple modes of binding with too low occupancy to be apparent in the crystal structure or that the binding is affected by differences between the crystallization conditions and the conditions under which inhibition of activity is measured, such as the elevated detergent and PEG concentrations used in crystal growth.
Inhibition of purified ZMPSTE24 by HIV protease inhibitors
Some of the side effects of HIV protease inhibitors have been proposed to arise from interactions of these drugs with ZMPSTE24. This is based, in part, on effects such as lipodystrophies that occur both in individuals with defects in prelamin A processing and in HIV-infected people undergoing treatment with retroviral therapies that include the protease inhibitors. 15, 16 In cellular systems, treatment with the protease inhibitors results in increased accumulation of incompletely processed prelamin A. 13, 15, 26 Inhibition of the enzymatic activity of purified yeast Ste24p by the inhibitors has been reported to occur at inhibitor concentrations comparable to those that arise in patients who are maintained on antiretroviral therapies. Table III ). (b) Global fit of competitive inhibition model to ZMPSTE24 activity. Parameters derived from the fit are displayed in Table III . (c) Global fit of noncompetitive inhibition model to ZMPSTE24 activity. dependent carboxylmethylation of the precursor to yeast mating pheromone a-factor. Thus, we set out to directly test the effects of the HIV protease inhibitors on the proteolytic activity of purified ZMPSTE24. Human ZMPSTE24 purified from yeast exhibited activity against the farnesylated fluorogenic substrate based on the CaaX sequence of human KRas that had previously been used to assay activities of yeast Ste24p. 17, 29 This peptide is subject to preferential cleavage by Ste24p over the alternative CaaX protease Rce1p. 29 As expected, based on the interchangeability of human and yeast Ste24 enzymes, the K-Ras peptide was cleaved by purified ZMPSTE24 in a reaction characterized by a K m of approximately 60 mM with K cat 1 sec 21 (Fig. 8) .
The activity of the purified ZMPSTE24 was inhibited by the tested HIV protease inhibitors to varying extents characterized by K i s ranging from 2 lM to greater than 50 lM (Table II, Fig. 9 ). The inhibition constants correspond approximately to those seen using the coupled proteolysis/methylation assay for crude membranes expressing mouse ZMPSTE24, 13, 14 but are lower than those observed using the same assay for purified yeast Ste24p, suggesting that the previously-observed differences were due to difference between the yeast and human enzymes, rather than the application of the assay to the crude membrane fraction. Considering the many differences between ZMPSTE24 and HIV protease, including differences in catalytic residues (aspartic acid protease vs. zinc metalloprotease) and the geometries of the respective active sites, it was of interest to attempt to determine the mode of inhibition of the inhibitors on ZMPSTE24. The kinetics of the reaction at different substrate concentrations in the presence of increasing concentrations of lopinavir [ Fig. 10(A) , Table III ] were fit to Michaelis-Menten kinetics, yielding an increasing apparent K m with increasing inhibitor concentrations, and a relatively unchanged V max. This is a hallmark of competitive inhibition. 30 In addition, the data were subjected to global least squares fitting to either a competitive [ Fig. 10(B) ] or noncompetitive [ Fig. 10(C) ] models of inhibition. As is evident from inspection of Figure 10 , despite having the same number of degrees of freedom, the competitive model exhibited a better fit to the data than the noncompetitive model based on a greater r 2 value for the global fit (0.96 for competitive vs. 0.93 for noncompetitive) and a smaller absolute sum of the squares (60% of the noncompetitive value). We conducted preliminary experiments indicative of direct binding of inhibitors to purified ZMPSTE24, as would be expected for a competitive mode of inhibition, however efforts to characterize and quantitate such binding were hampered by the low solubility of the inhibitors, by the relatively low affinity of the interactions, and by the complications inherent in assaying binding of a nonpolar ligand to a detergent-solubilized membrane protein.
Discussion
We report here the purification of ZMPSTE24, the human transmembrane CaaX protease following expression in bakers' yeast Saccharomyces cerevisiae. Contrary to expectations, codon optimization of the human gene allowed expression in yeast at levels comparable to those achieved for the native yeast Ste24p, yielding purified protein with reduced tendency to aggregate and precipitate compared to the yeast enzyme. Furthermore, crystals grown under conditions similar to those used to crystallize the yeast protein diffracted to higher resolution than had been achieved for the yeast protein. The yeastexpressed ZMPSTE24 crystals also diffracted to higher resolution and adopted different crystal packing compared to previously reported crystals of human ZMPSTE24 purified from an insect cell expression system. The higher resolution X-ray structure provides several new pieces of information relevant to understanding the function of the unusually large internal cavity in Ste24 proteins. A previously-noted opening between the internal cavity and the presumed lipidfacing exterior is more prominent in the current structure. The increased area of the opening arises from displacement of transmembrane segment TM5, compared with previous structure and may also result partially from the fact that sequences adjacent to TM5 and TM6 are missing from the current structure, presumably due to disorder. Such disorder, and the structural displacements compared to the previous structures could be part of gating mechanisms controlling entry and egress of substrates to and from the internal catalytic site. The presence of a lipid-or detergent-like density traversing this large opening suggests that this might provide the route by which the farnesyl group on prelamin A penetrates the protein barrier. Other similar densities seen protruding through smaller fenestrations in the current structure indicate that these may be hydrophobic openings that are normally filled by lipids.
The resolution of the current structure allowed identification of densities indicative of the presence of a large number of ordered water molecules inside the internal cavities, including ordered water involved in nearly tetrahedral coordination of the active site zinc atom. The positions of the waters in the active site differ somewhat from those seen in some structures of the related zinc metalloprotease thermolysin, suggesting that the proteolytic activity can accommodate some flexibility in the exact geometry of these positions. In fact, considerable variation is seen in the geometries of waters close to the zinc atom in comparing various previous structures of thermolysin. The co-linear arrangement of the two water molecules closest to the zinc atom of ZMPSTE24 raises the possibility that this provides a pathway for repeated introduction of water into the active site for consumption in multiple rounds of the hydrolysis reaction. Aside from its likely direct role in proteolysis, the presence of water inside the cavity of ZMPSTE24 may constitute a store that is necessary for repeated proteolytic cleavages and also may provide a mechanism for insulating bound substrates from directly interacting with internal-facing groups of ZMPSTE24. Such insulation may be necessary to accommodate the multiple specificities of this enzyme, allowing it to cleave two distinct sites in prelamin A as well as in the precursor to yeast afactor. 31, 32 Such relaxed specificity of cleavage may also be important for the proposed role of ZMPSTE24 in cleavage of proteins that are incompletely translocated in the endoplasmic reticulum. 33 Using ZMPSTE24 purified from yeast, we demonstrated that HIV protease inhibitors directly inhibit the proteolytic activity of the detergent-solubilized purified enzyme, thereby ruling out the possibility that these drugs act indirectly to inhibit CaaX protease activity through some additional component of the membrane fractions used previously or through some effect on coupling to the carboxylmethylation step used as a readout in previous assays of inhibition. The inhibition constants characterizing the interactions of the drugs with purified ZMPSTE24 are consistent with those observed in previous assays, including the rank ordering of inhibition by the different available inhibitors. The concentrations of drugs required to achieve effective inhibition are well within the ranges observed in serum and cells in patients receiving these therapies, 27 thus the unintended effects of these inhibitors on ZMPSTE24 must be considered in seeking explanations for the welldocumented side-effects of the therapies, such as lipodystrophy. Kinetic assays of the effects of these drugs on purified ZMPSTE24 are consistent with a competitive mode of inhibition, raising the intriguing question of how drugs designed to specifically inhibit an aspartyl protease with a very different class of substrates compared with those of ZMPSTE24 can competitively interact with the zinc-containing active site of ZMPSTE24. Although the best-diffracting crystals of ZMPSTE24 were prepared in the presence of concentrations of the inhibitor lopinavir considerably higher than the observed inhibition constants, no density clearly corresponding to the inhibitor was observed in the refined structure. Furthermore, no evidence for uniform binding of inhibitor was obtained from difference maps comparing diffraction from crystals containing or lacking lopinavir or tipranovir. Thus, either the inhibitors do not bind in a well-defined single configuration or the conditions used for crystallization diminish binding of the inhibitors compared to the conditions used for assays of ZMPSTE24 activity.
Materials and Methods
Reagents
HIV protease inhibitors tipranavir (Cat. # 11285), darunavir (Cat. #11447), lopinavir (Cat. # 9481), azatanavir (Cat. # 10003) and ritonavir (Cat. # 4622) were obtained from the NIH AIDS Reagent Program. Lopinavir was also purchased from SigmaAldrich (Cat. # Y0001498). Heptaethyleneglycol mono n-dodecyl ether (C 12 E 7 detergent) and n-dodecyl-bmaltoside were purchased from Nikko Chemicals Company Ltd., Japan and Glycon Biochemical GmbH, Germany, respectively. Farnesylated peptide, (AbzK)SKTKC(farnesyl)VIQL, was purchased from AnaSpec, Inc.
ZMPSTE24 expression construct
The human ZMPSTE24 ORF was codon-optimized for expression in S. cerevisiae and synthesized by Genewiz. The gene was then PCR amplified and inserted into vector pSGP46 via ligation independent cloning, as described previously. 20 In this vector the cloned gene is under control of the ADH2 promoter and is fused to C-terminal IgG-binding (ZZ) and His 10 tags, both cleavable by rhinovirus 3C protease. For protein expression, the insert-containing plasmids was transformed into S. cerevisiae strain BJ5460 (ATCC 208285) (MATa ura3-52 trp1 lys2-801 leu2-D1 his3-D200 pep4::HIS3 prb1-D1.6R can1 GAL 1 ) to create yeast strain YO1362. The optimized ZMPSTE24 gene is missing the codon for the normal C-terminal histidine.
Protein purification
Protein expression and purification followed the general procedures described previously for the yeast ortholog of ZMPSTE24, Ste24p from Saccharomyces mikatae. 17, 20 Specifically, six 1.8 L cultures of SDura medium were each inoculated with 100 mL of an overnight growth of strain YO1362. These cultures were incubated in 4 L flasks at 308C while shaking at 230 rpm until they reached an OD 600 of 2.0. The cells from each culture were centrifuged at 4000 3 g for 10 min at 48C; the pellets were pooled and used to inoculate 9 L of YPD medium. Further growth was conducted in a BioFlo3000 fermenter (New Brunswick Scientific) at 268C with agitation at 400 rpm. Cells were harvested 24 h after induction of protein expression (OD 600 14; wet pellet weight 300 g); protein expression under the control of the ADH2 promoter is induced after glucose depletion from the medium. Cells were stored frozen at 2808C. After thawing at 48C, pellets were resuspended in lysis buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 15% (w/v) glycerol, 1 mM DTT, 100
mM PMSF) at 1 g (wet weight)/mL. The cells were lysed by two passes at 25,000 psi through an Avestin C-3 homogenizer with the outlet cooling coil immersed in an ice bath. Lysate was centrifuged at 4000 3 g for 12 min at 48C. The pellets from this spin were resuspended in a total of 150 mL of lysis buffer, subjected to one additional pass through the homogenizer (under the same conditions as the previous passes), then centrifuged again at 4000 3 g for 10 min at 48C. Membranes were isolated from the supernatant by centrifugation at 120,000 3 g for 60 min at 48C. The membrane pellets (33 g) were resuspended in buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 15% (w/v) glycerol, 100 mM PMSF, 1 mM DTT) at 7 mL/g using a hand-held homogenizer (VWR Power Max) at lowest power, to prevent foaming. Membranes were solubilized by adding 20% (w/v in water) n-dodecyl-b-D-maltopyranoside to a final detergent concentration of 1.5% (w/v) and by incubation at room temperature for 90 min on a roller-mixer (Stuart, SRT6D). Insoluble material was removed by centrifugation at 4000g for 20 min at 48C. The C-terminal IgG binding tag was used in affinity purification. The remaining steps were all performed at 48C. The solubilized membranes were incubated for 4 h on a roller/mixer with 8 mL (packed resin) of IgG Sepharose 6 Fast Flow (GE Healthcare) that had been pre-equilibrated with buffer containing 20 mM Hepes pH 7.5, 150 mM NaCl, 15% (w/v) glycerol, and 0.01% (w/v) DDM. The IgG Sepharose was then washed four times by centrifugation at 700 3 g, 3 min. with 30 resin volumes (each) of wash buffer consisting of 20 mM Hepes, pH 7.5, 150 mM NaCl, 15% (w/v) glycerol, 0.04% C 12 E 7 , 100 mM PMSF, and 1 mM DTT. ZMPSTE24 was removed from the IgG Sepharose by cleavage of the tag using rhinovirus 3C protease. One resin volume of the wash buffer containing 0.04% C 12 E 7 and 3.5 mg rhinovirus 3C protease tagged with an Nterminal His6 tag 34 was incubated with the IgG Sepharose overnight then the cleaved ZMPSTE24 was separated from the IgG Sepharose resin by filtration using a 50 mL tube-top 0.22 mm cellulose acetate filter (Corning). The tagged 3C protease was then removed by incubation of the filtrate for 2 h with 2 mL of nickel affinity resin (Roche cOmplete His-Tag Purification Resin) that had been preequilibrated with the wash buffer containing 0.04% C 12 E 7 . The ZMPSTE24 was separated from the affinity resin and bound protease using filtration as above. The protein was concentrated to 5 mL using a 50 kDa cutoff regenerated cellulose centrifugal concentrator (Millipore) and then additionally purified by size exclusion chromatography using a GE Healthcare HiLoad 16/60 Superdex 200 column (120 mL bed volume) that had been pre-equilibrated with a buffer consisting of 20 mM Hepes pH 7.5, 5%
(w/v) glycerol, 150 mM NaCl, 0.04% C 12 E 7 , and 1 mM DTT; the protein was eluted with the same buffer at a flow rate of 0.8 mL/min. ZMPSTE24-containing protein fractions from the peak shown in Figure 2 were combined and analyzed prior to being concentrated and set up for crystallization experiments immediately. An additional peak eluting near the void volume of the column was typically observed to contain ZMPSTE24 and additional proteins and to represent approximately half the amount of protein (based on absorbance at 280 nm) recovered in the collected peak. A 9-liter yeast culture yielded 6 mg of purified ZMPSTE24.
Crystallization of ZMPSTE24
Initial crystal screening was conducted using 
X-ray data collection and analysis
Initial screening of crystals was performed using the GM/CA CAT beamline 23-ID-D of the Advanced Photon Source (APS) of Argonne National Laboratory. Data collection for structural analyses was performed remotely at NECAT beamline 24-ID-C at APS using a wavelength of 0.9791 Å and a beam size of 20 lm. Indexing and integration of diffraction data were performed using iMosflm 37 and further analyzed using the program Aimless 38 of the CCP4 program suite. 39 Datasets were scaled and merged using the program Blend. 21 Phasing was accomplished by molecular replacement using the Phaser module of the Phenix program suite 40 based on the previously-solved structure of ZMPSTE24 (PDB code: 4AW6). 18 Refinement of the structure was performed using Phenix with manual operations performed using Coot. 41 Further analysis of the refined structure was performed using PDB Redo. 42 Figures were prepared using PyMOL Molecular Graphics System (Schr€ odinger, LLC).
Assay of ZMPSTE24 activity
The activity of purified ZMPSTE24 in cleaving a Cterminal CaaX sequence was determined using a fluorescence-based assay previously developed for the investigation of substrate specificity of yeast Ras converting enzyme (Rce1p) and Ste24p in membrane fractions. 17, 29 The procedure uses the peptide sequence (AbzK)SKTKC(farnesyl)VIQL, where AbzK refers to an aminobenzoic acid derivative of lysine and QL refers to an e-dinitrophenyl derivative of lysine, that was found to be optimal for assaying Ste24p activity.
In the intact peptide, the dinitrophenyl group quenches the fluorescence of the aminobenzoic acid; cleavage at the C-terminal side of the farnesylated cysteine releases the quenching group and results in an increase in fluorescence. The peptide substrate was diluted from a 1 mM stock solution in 2.6% DMSO to a final concentration of 0.1 mM in 100 mM Hepes pH 7.5 just prior to performing the assay. Because of detergent effects on the peptide substrate (indicated by effects on peptide fluorescence in the absence of enzyme), it was necessary to conduct the assays at a lower C 12 E 7 concentration (0.005%) than was used in purifying ZMPSTE24 (0.04%) by diluting the purified protein into the lower detergent concentration immediately prior to performing the assay. To initiate the assay, the protein stock was diluted into reaction buffer (100 mM Hepes pH 7.5, 5 mM MgCl 2 , 0.1 mM (0.005%) C 12 E 7 ) to a final concentration of 30 nM and equilibrated at room temperature for 1 minute. The peptide substrate was then added to the diluted ZMPSTE24 to the concentrations required for the assay, thoroughly mixed, and then transferred to the fluorimeter (Horiba Jobin Yvon Fluoromax V R -4). The sample was equilibrated in the fluorimeter for 1 minute before the initial change in fluorescence intensity was recorded. The excitation wavelength was 320 nm; fluorescence emission was detected at 415 nm using an integration time of 1 sec and slit widths corresponding to 5 nm. Reaction temperature was maintained at 258C with a recirculating bath. Neither substrate nor ZMPSTE24 incubated alone exhibited any significant change in fluorescence over the time period of the assay. Measurements were taken every ten seconds for 2 min. with the fluorimeter in antibleaching mode. Protein concentrations were determined by SDS PAGE analysis using BSA protein as standard and UV (280 nm) spectroscopy using calculated extinction coefficients.
The K m of the reaction was fit to the measured initial velocities using the non-linear least squares algorithm in Sigmaplot (Systat Software Inc.). (Limitations on the solubility and availability of peptide precluded measurements at substrate concentrations higher than the apparent K m .) An approximate conversion between the observed fluorescence intensity changes and substrate conversion on a molar basis was established based on the total fluorescence change of peptide substrate during long reactions with purified enzyme that allow for nearly complete conversion of the known concentrations of substrate to product. The final fluorescence of such reactions was quantitated by fitting an exponential rise to the time course of the fluorescence change.
Inhibition of ZMPSTE24 by five HIV protease inhibitors, tipanavir, lopinavir, ritonavir, atazanavir, and darunavir, was investigated. The protease inhibitors, which have limited solubilities in water, were initially solubilized in DMSO. Stock concentrations of inhibitors were adjusted such that the DMSO concentration in the sample was constant at 0.6%. To perform the assay, the protein stock was diluted into reaction buffer (100 mM Hepes pH 7.5, 5 mM MgCl2, 0.1 mM (0.005%) C 12 E 7 ) to a final concentration of 30 nM or 60 nM. Unless otherwise indicated in the figures, the concentration of fluorogenic substrate was 16 mM. Inhibitor was then added and the mix was incubated for 1 min, then substrate was added and mixed. Samples were equilibrated in the fluorimeter for 1 min. before the initial change in fluorescence intensity was recorded as described above.
Inhibition constants and an estimated V max value (which can vary with individual enzyme preparations and assay conditions) for each particular assay were derived by fitting to the expression for competi- 
